during spontaneous grunts correlates with complex sounds. This supports the hypothesis that the irregular start of the boatwhistle is encoded in the vocal pre-motor neural network, and not caused by peripheral interactions with the sound-producing system. We suggest that sound production system demands across vocal tetrapods have selected for muscles and motorneurons adapted for speed, which can execute 5 0 complex neural instructions into equivalently complex vocalizations.
INTRODUCTION
Vocalizations are controlled by distinct neural circuits highly conserved across fish 5 5
and all major lineages of vocal tetrapods (Bass et al., 2008) . The activity of these neural circuits drives an often highly nonlinear vocal system, capable of generating acoustic signals ranging from whistles to complex, irregular vocalizations that exhibit low-dimensional chaos (Elemans et al., 2010; Fitch et al., 2002) . Such complex sounds have been reported in fish (Rice et al., 2011) , frogs (Suthers et al., 2006) , birds 6 0 (Fletcher, 2000; Zollinger et al., 2008) and various mammals (Fitch et al., 2002) . The biomechanics of a peripheral system can impose constraints on its neural control, but also provide opportunities for the emergence of complexity in expressed behaviours (Chiel and Beer, 1997) . Exploiting the nonlinear physical properties of sound producing organs could enhance the acoustic complexity of vocalizations, causing e.g.
5
sudden frequency jumps or chaotic oscillations, without equivalently complex neural control (Fee et al., 1998) , and function as an individual signature (Fitch et al., 2002 ).
An excellent model system to study the interactions between neural control and peripheral mechanics in sound production are the batrachoidid fishes (midshipman and toadfish), which produce sound by swimbladder wall movements 7 0 (Fine et al., 2009; Fine et al., 2001; Skoglund, 1961) actuated by pure-fibre superfast muscles that are among the fastest vertebrate skeletal muscles (Rome, 2006; Rome et al., 1996) . Each swimbladder muscle (SBM) is innervated by vocal motor neurons (VNs) specialized for superfast muscles (Chagnaud et al., 2012) and receives input from a vocal network consisting of distinct hindbrain nuclei (Chagnaud et al., 2011) .
In midshipman (Porichthys notatus), pre-pacemaker neurons in the ventral medullary nucleus control call duration and project on pacemaker neurons (Bass and Baker, 1990; Bass et al., 1994) , which set the firing rate and project on VNs that control swimbladder contractions. The firing rate of this vocal-acoustic neural network directly determines SBM contraction frequency, which in turn result in swimbladder 8 0 compression and sound.
The Oyster toadfish (Opsanus tau) is a widely used animal model system in biomedical studies (Walsh et al., 2007) and its superfast swimbladder muscles are a leading model for understanding superfast muscle physiology (Rome, 2006) . This highly specialized muscle type, because of its speed and highly ordered structure, has 8 5 become an important model for studying regular skeletal muscle function and design (Rome, 2006) and calcium movements during contraction (Harwood et al., 2011; Nelson et al., 2013) .
Oyster toadfish produce at least two kinds of sounds: the grunt, an agonistic call (peak frequency ~90 Hz) produced by both sexes (Maruska and Mensinger, 2009), 9 0 and the 'boatwhistle', a 200-700 ms long tonal call (fundamental frequency 80 -220 Hz) that males can produce up to 6-15 times per minute from their nest to attract females and establish territories (Edds-Walton et al., 2002; Fine, 1978; Mensinger; Tavolga, 1958) . The boatwhistle consists of two parts (Fig. 1A) . Part 1 (P1) consists of a 50-100 ms long irregular waveform, while Part 2 (P2) consists of a regular 9 5
repetitive harmonic waveform (Edds-Walton et al., 2002) .
If the irregular waveform of P1 is a complex waveform that has an underlying chaotic attractor (Elemans et al., 2010; Fitch et al., 2002; Wilden et al., 1998) this raises the question whether this irregular sound waveform is caused by peripheral nonlinearities of the sound production system or is centrally encoded. If the origin lies in peripheral 1 0 0 nonlinearities, such as interaction between swimbladder and superfast muscle mechanics, this would enhance the animals' acoustic complexity without equivalently complex neural control (Fee et al., 1998) . If this is not the case, the acoustic complexity might be driven by neural instruction.
We investigated if the start of the boatwhistle is indicative of a chaotic strange 1 0 5
attractor and tested the competing hypotheses that the irregular waveform in P1 of the toadfish boatwhistle is an emergent property of the peripheral sound-producing system, or that it originates in the central nervous system due to irregular motor volleys of vocal motor neurons. Sound production and SBM activity were recorded in awake, freely behaving fish during VN stimulation, while VN and SBM activity were 1 1 0 recorded during spontaneous grunts.
RESULTS
We recorded boatwhistle advertisement calls of male oyster toadfish (Opsanus tau) in 1 1 5
saltwater ponds. As previously described, these natural vocalizations consisted of an irregular P1 sound waveform and a harmonic P2 waveform ( Fig. 1 ) (Edds-Walton et al., 2002) . In chaotic nonlinear signals, the phase-space plot has a distinctive threedimensional, aperiodic structure, whereas linear signals are periodic and often twodimensional (Elemans et al., 2010; Fitch et al., 2002; Rice et al., 2011) . In phase-1 2 0 space, 10 overlaid calls of one male show a distinctive three-dimensional aperiodic attractor (BW1 in Fig. 1C ). Therefore although the waveform is irregular it is consistent between calls and indicative of a low-dimensional chaotic signal. In contrast, P2 consists of a harmonic waveform in the time domain and a stable twodimensional limit-cycle in phase-space (BW2).
2 5
We hypothesize that the complex waveform in P1 of the toadfish boatwhistle is either (i) an emergent property of the peripheral interaction between superfast muscle contraction and swimbladder biomechanics, or (ii) finds its origin in the to the final maximal amplitude oscillation (ST3-5 in Fig. 1C ). The prolonged presence of sound after stimulation is due to dissipating acoustic energy in the tank ('decay' in Rhythmic bilateral VN stimulation resulted in depolarisations of the swimbladder muscle fibers at the six EMG-electrodes over a wide range of frequencies. Fig. 2 shows two examples of the resulting sound pressure and muscle-EMG for one individual stimulated for 300 ms at 50 ( Fig. 2A) dB (left-sided) and 13.1 ± 3.0 dB (right-sided) (Fig. 2D ).
Subsequently, we explored if the origin of P1 complexity was derived from asynchronous activation of the bilateral VNs, i.e. firing bilaterally out of phase. We measured sound pressure waveforms as a function of phase-lag between left-right stimulation ( Fig. 3) , and only observed regular waveforms and two-dimensional orbits 1 6 5
in 3D phase-space at the onset of the sound waveforms (N=5). Together these results
show that rhythmic VN stimulation does not lead to complex P1 waveforms.
To determine whether complex P1 waveforms are caused by arrhythmic activity of the VN, the goal was to measure VN activity during boatwhistle production.
However, the implanted fish did not produce spontaneous boatwhistles during the Fine et al., 2001) . At the onset of nerve stimulation bursts, we observed a gradual increase of sound amplitude in all fish during the first 6-10 stimuli (Fig 1BC) . This gradual increase could be explained by tank resonances during constant intensity sound production, or by increasing intensity of sound production. We deliberately chose small tank 2 1 5
dimensions to avoid acoustic resonances as much as possible, but they cannot be entirely eliminated do to the complications of small tank acoustic fields. The constant EMG amplitude during stimulation (Fig 2AB) , suggests that the muscle recruitment and thus sound production is constant. Therefore additional work is necessary to resolve this point. However, the above phenomena emphasize the importance of 2 2 0 studying the intact system underwater, especially when looking at irregular waves, because aerial exposure decreases acoustic loading and the bladder's damping ratio.
The toadfish swimbladder produces sound only when driven by muscle contraction. Each contraction causes bladder displacement (Fine et al., 2001; Skoglund, 1961) , radiating a pressure sound waveform that is repetitive during 2 2 5 rhythmic stimuli (Fig 2A) . Because superfast muscles trade off force for speed (Rome et al., 1999) Electrodes were inserted to stimulate and record from the bilateral motor nerves and swimbladder muscles in eleven individuals (29.9 ± 1.2 (s.e.m.) cm 3 3 5 standard length; 530 ± 69 g wet weight). We attempted to record EMG and VNs activity during spontaneous or evoked grunts from four animals. We followed procedures as above, but only one pair of EMG electrodes was inserted on each side
of each swim bladder muscle tested. were fixed parallel, 20 mm apart, in an acrylic frame and positioned 9 cm from the bottom, and 7 cm from the front in the tank. Temperature was logged at 10-second intervals with a S-TMB-M002 temperature probe (accuracy < ±0.2°C) and Hobo data logger U14-002 (Onset Technologies, MA, USA).
5 5
Signal acquisition and conditioning EMG electrodes were connected to a pre-amplifier (Grass P511-J). EMG signals were band-pass filtered (1 Hz -3 kHz), and amplified 100-500 times. Hydrophone signals were band-pass filtered (10 Hz -3 kHz) and amplified 1000 times (A-M Systems 3 6 0 model 1700). All signals were digitized at 20 kHz (NI-6259 USB, National Instruments). Nerve stimulation was performed with a 2-channel stimulator (Grass S88) and two stimulation-isolation units (Grass SIU5). All control, recording and analysis software was written in Matlab (The Mathworks) and Labview (National Instruments).
6 5
Stimulation protocol and data analysis and segmented per stimulus in the stimulus train. Latency was defined as the time from stimulus onset to maximum EMG amplitude.
8 0

Evoked grunts and data analysis
Implanted fish did not produce spontaneous boatwhistles during the time frame of the experiments, but could be stimulated to produce grunts by holding them underwater in nets close to the hydrophones. The calls, associated EMG activity, and VN compound 3 8 5 action potentials (CAP) were extracted. Hydrophone signals were high-pass filtered (20Hz, 6 th order Butterworth filter) and power spectral density was estimated from 100 ms segments starting from the CAP of each call using the multi-taper method (Percival and Walden, 1993) with 4 data-tapers and nfft = 8192.
9 0
Statistics ANOVA tests were performed to test for difference of means. All data presented are mean ± s.e.m. 
